e roof fracture is the main cause of coal mine roof accidents. To analyze the law of movement and caving of the roof rock stratum, the roof subsidence displacement, rock stratum stress, and the rock stratum movement law were analyzed by using the methods of the particle discrete element and similar material simulation test. e results show that (1) as the working face advances, regular movement and subsidence appears in the roof rock strata, and the roof subsidence curve forms a typical "U" shape. As the coal seam continues to advance, the maximum subsidence displacement remains basically constant, and the subsidence displacement curves present an asymmetric flat-bottomed distribution. (2) After the coal seam is mined, the overburden forms an arched shape force chain, and the arched strong chain is the path of the overburden transmission force. e farther away from the coal seam, the smaller the stress concentration coefficient is, but it is still in a high stress area, and the stress concentration position moves toward the middle area of the goaf. e stress concentration in front of the coal wall is the source of force that forms the abutment pressure. (3) Above the coal wall towards the goaf, a stepped fracture was formed in the roof rock stratum. e periodic fracture of the rock stratum is the main cause of the periodic weighting of the working face. Understanding the laws of rock movement and stress distribution is of great significance for guiding engineering practice and preventing the roof accidents.
Introduction
China is a country with large coal production, and its coal production accounts for about half of the world's total production. ere are six major disasters occurring in coal mines, namely, gas explosion, water inrush, roof caving, coal-gas outburst, transport, and poisoning. Among them, the roof accident accounted for 13.79% of the total accidents, and the death rate accounted for 14.98%, as shown in Figure 1 . e roof fracture is the main cause of the coal mine roof accidents.
erefore, it is of great theoretical and practical significance to study the laws of the movement of the roof above the coal seam for preventing and controlling the occurrence of roof disasters.
For a long time, scholars at home and abroad mainly used theoretical calculation and physical simulation for analysis of roof fracture. Zhao and Liu [2] based on the engineering geology conditions of remaining face 3101 in Shenghua Mine in China analyzed the roof fracture and instability features of the roof caving zones through physical simulation, theoretical analysis, and field measurements. He et al. [3] built the structural and mechanical models to explore the mechanism of the new approach. e results indicate that effective bulking of the gob roof and reasonable support of the entry roof were key governing factors in improving entry stabilities and reducing roof deformations. Kong et al. [4] explored the stability of the roof at the end of the face by using theoretical analysis, numerical simulation, and field measurement. Huang et al. [5] analyzed the height of water-permeable fracture zone in overlying strata by the situ test. Wang et al. [6] analyzed the mechanical and acoustic emission characteristics of rock-like materials under nonuniform loading by simulating the stress distribution of the coal body in front of the working face. Kang et al. [7] studied sudden massive roof collapse during longwall coal retreat mining through physical experiments. Wang et al. [8] studied dynamic structural evolution of overlying strata during shallow coal seam longwall mining. Zhu et al. [9] analyzed overburden movement characteristics of top-coal caving mining in multiseam areas. Zhang et al. [10] investigated the coal drawing from thick steep seam with longwall top-coal caving mining by experimental methods.
ese studies play an important role in understanding the roof rock fracture.
In recent years, with the developments of computer technology, the numerical method has become an important research method in the field of rock mass engineering. Numerical modeling is a promising and effective tool for the simulation of progressive caving of strata resulting from the longwall mining. Gao et al. [11] studied the coal longwall caving characteristics using an innovative UDEC Trigon approach. Hosseini et al. [12] analyzed the mechanism of roof caving in longwall mining by using Phase2 software of FEM. Yasitli and Unver [13] studied the top-coal caving mechanism by using the finite difference code FLAC3D. Islam et al. [14] analyzed the stress distributions for multislice longwall mining in Barapukuria coal mine of Bangladesh by using finite element modeling. Wang et al. [15] investigated the dynamic mechanical state of a coal pillar during longwall mining panel extraction by FLAC software.
e researches on roof movement and fracture law of longwall mining mainly focuses on using FLAC, UDEC, etc., while the research using PFC are relatively few. Particle flow code in 2 dimensions (PFC2D) is a discrete element method proposed by PA Cundall and ODL Strack to simulate the motion and interaction of circular particles [16, 17] , which can solve the problems of solid mechanics and large deformation. At the same time, the multiple interacting deformable continuous, discontinuous, or fracturing bodies undergoing large displacements and rotations can be simulated and analyzed. It is widely used in geotechnical engineering, geological engineering, and mining engineering. Lu et al. [18] used the 3D discrete element method to study the unstable slope in the Lushan hot spring district, central Taiwan. Wang et al. [19] studied the height of the mininginduced fractured zone above a coal face by PFC and similar material experiment; however, there was little analysis of the rock stratum motion law of the overburden after coal seam mining, especially the stress and displacement of the rock stratum. Wang et al. [20] applied the discrete element method to study the characteristics of jointed rock masses. Liu et al. [21] simulated the damage evolution law of coal mine roadway by the particle flow code model. Cai et al. [22] studied AE characteristic in large-scale underground excavations by the FLAC/PFC coupled numerical simulation method. Wang et al. [23] used PFC2D to analysis the stability of the heavily jointed rock slope. An et al. [24] investigated the dynamic characteristics of inelastic rock impact using the discrete element method contact model. Numerical modeling has been used to investigate a variety of problems in underground mining and tunneling, subsidence induced by longwall coal mining, stresses generated when an open stope is filled cemented backfill, and the stability of exposures created during subsequent mining of adjacent stopes [25] .
With an overview of the previous studies found that there are few studies which used particle flow code and similar material simulation test to analyze the laws of movement and fracture of the roof rock stratum in the longwall mining. erefore, this paper uses PFC2D software and similar material simulation test to establish the analysis model of longwall mining.
e roof subsidence displacement, rock stratum stress, and the rock stratum movement law will be analyzed. is research will provide more information about rock stratum movement laws for engineers. 
Similar Material Experiment

Similarity Principle and Similarity Coefficient.
Similar material experiment is an experimental model that imitates the prototype and copied by following a certain proportional relation [26] . And model experiments and prototypes need to meet certain similarity proportional relations. e similar material experiments, taking the onsite geological conditions as the prototype on the basis of the similarity theory, design the corresponding experimental model to analyze the stress and displacement distribution characteristics of the overlying surrounding rock during the coal seam mining process and the movement law of the rock stratum, so as to provide a basis for the surrounding rock management and mining design of the working face.
It is well known that the similarity coefficient is very important for the simulation test. If the similarity coefficient is too large, the model will be larger and cost more. If the similarity coefficient is too small, some monitoring devices are difficult to install and physical parameters of similar materials are inaccurate [26, 27] . In similar material experiments, the geometry similarity coefficient of model to prototype is 1/100. Based on similar principles, the similarity coefficient that needs to be met are as follows.
Set the prototype size to L p and the corresponding size of the experimental model to
. en, the geometric similarity coefficient is described by the following expressions:
(2) Time similarity coefficient (C t ) To the prototype and the experimental model, the gravitational acceleration is equal, and thus the time similarity coefficient can be obtained through the following equation:
(3) Bulk density similarity coefficient (C c ) Base on the rock stratum bulk density, the bulk density similarity coefficient is
(4) Stress similarity coefficient (C σ ) Based on the similarity theory and σ � c · l, the stress similarity constant can be calculated by substituting the bulk density similarity constant and geometric similarity coefficient into the following equation:
(5) Poisson's ratio similarity coefficient (C μ ) Set the rock stratum Poisson's ratio of the prototype to μ p and the corresponding rock stratum Poisson's ratio of the experimental model to μ m . en, Poisson's ratio similarity coefficient can be described by the following equation:
(6) Elasticity modulus similarity coefficient (C E ) Set the rock stratum elasticity modulus of the prototype to E p and the corresponding rock stratum elasticity modulus of the experimental model to E m . en, the elasticity modulus similarity coefficient is as follows: e main bottom is fine sandstone, light gray, occasionally a small amount of fissures, calcite filling, with an average thickness of 4.57 m. e lithology comprehensive strata diagram based on the field drill hole are shown in Figure 2 . e main mechanical parameters of different lithologies measured by onsite in situ tests and indoor mechanical tests are shown in Table 1 .
In order to analyze the law of fracture movement of roof rock, similar material experiments were conducted based on the actual engineering geological conditions. e similar material experiments used a plane stress model with the size of length × height × width � 420 cm × 200 cm × 25 cm. In this experiment, the working face advancing distance is 200 cm, and 110 cm boundary coal pillars are set at both ends of the simulation experiments bench in order to eliminate the model boundary effect. For the unsimulated overburden, an equivalent stress was applied to the top of model. e experimental model and displacement monitoring points are shown in Figure 3 . During the experiment, the movement of the rock stratum was photographed by the camera, and the subsidence displacement of the roof rock stratum was monitored by total station instrument. Coal: black, block, semidark semibriar coal, locally developed 1 layer of mudstone, thickness 0.3-3.3m.
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Mudstone: dark gray, massive, containing a small amount of plant fossil fragments, thickness 0~4.7m.
Fine sandstone: light gray, dominated by quartz, subfeldspar, and charcoal, massive and dense.
Silty sandstone: gray, blocky, muddy cemented, hard, with a small amount of siderite and charcoal, thickness 1.41~6.25m.
Fine sandstone: light gray, a few fissures, massive, dense, hard.
Sandy mudstone: gray, blocky-thin layered, brittle, harder, thickness 4.5~13.50m.
Mudstone: dark gray, massive, a small amount of plant fossil fragments, with a thin layer of coal or carbonaceous mudstone on top.
Mudstone: dark gray, block, with carbonaceous components, a small amount of plant fossil fragments, thickness 0.4~4.24m.
Mudstone: gray to dark gray, massive, partially sandy, with a thickness 1.13 to 7.37 m.
Fine sandstone: gray, mainly quartz, dense, and hard, with a thickness 3.15~12.66 m. 4 Shock and Vibration
Experimental Results Analysis
Movement of Roof Rock Stratum.
As coal seams were mined, the roof moves and sinks, and a camera was used to record the law of movement of the roof strata at the different advance distances during the test, as shown in Figure 4 . It can be seen from Figure 4 that when the working face advanced 50 cm (actually advances 50 m), the immediate roof collapses and fills the goaf area, and the caving rock mass presents an irregular state. As the workface continues to advance, when the main roof breaks for the first time, the working face forms first roof weighting, and the working face periodic weighting is formed by the main roof periodic breaks. e rock strata gradually developed upwards, the collapse height increased, the caving rock strata showed regular arrangement, and the caving rock mass at the location of the goaf area was slowly compacted, and then two crack areas and a compacted area are eventually formed. When the working face is mined, the overlying strata show a clear three-zone distribution, which is the caving zone, fracture zone, and sagging zone, as shown in Figure 5 . It can be seen from Figure 5 that the rock strata in the caving zone are compacted and irregularly arranged. e rock strata above the caving zone are a fracture zone. e development height of the fracture zone is 35.28 m, which is about 14 times of the mining height, and the rock strata in the fracture zone are generally articulated, which plays a key role in the load control of the working face support. ere are many cracks in the rock strata in the fracture zone. As coal seams are mined, cracks continue to expand and evolve. Rock strata separation is easy to be formed under the effect of transverse cracks, and the rock strata fracture is prone to appear under the action of longitudinal cracks. Above the fracture zone is a sagging zone, where the rock strata maintains integrity, and there is basically no developed fissure; only the rock layers show an overall tendency to bend and sink. e law of rock stratum fracture is similar to the literature results [19, 27] .
Subsidence Displacement of Roof Rock Strata.
e subsidence displacement of roof rock strata was monitored during the similar simulation test. Seven monitoring lines were arranged in the roof rock strata, and the evolution and distribution laws of the displacement field of the roof rock strata of the stope during the coal seam mining advancement were obtained, as shown in Figure 6 .
From Figure 6 , it can be seen that as the working face advances, regular movement and subsidence appears in the roof rock strata, and the different degrees of subsidence appear in the measuring points above the gob area, and the roof subsidence curves form a typical "U" shapes. When the working face advanced 50 cm, the subsidence displacement is the largest at the position 11.54 cm away from the coal seam. e farther away from the coal seam, the smaller the subsidence displacement of the roof rock stratum is, and the subsidence displacement is little when the distance exceeds 23.87 cm, and the influence of the mining is small. When the working face is advanced by 100 cm, the subsidence displacement of the roof rock stratum reaches a maximum of about 20 mm. e subsidence displacement is little when the distance away from the coal seam exceeds 49.28 cm, and it is basically not affected by mining. e "U" curve formed by the subsidence displacement of the roof rock stratum is more obvious. When the working face is advanced by 150 cm, the subsidence displacement of the roof rock stratum reaches a maximum of about 24 mm. e farther away from the coal seam, the smaller the subsidence displacement is, but the patterns of the subsidence displacement curves are similar. At the same time, due to the collapse of the rock mass, there is a broken expand characteristics that makes the amount of subsidence displacement of each rock stratum smaller than the thickness of the coal seam. Due to the differences in the mechanical characteristics of each rock stratum (such as the degree of joint and rock stratum strength and thickness), the movement and collapse of each rock stratum are different, representing the coordinated movement characteristics of rock stratum. e law of rock stratum subsidence displacement is similar to the literature results [26, 27] .
Numerical Simulation by Particle Flow Code
Particle Flow Code eory and Parameter Calibration.
e PFC2D model is a collection of discrete circular particles. Particle flow program based on the discrete element method uses the explicit time-step circulation rule to calculate the model particles cyclically [17] . e contact force between particles obeys the law of force-displacement, and particle's motion is based on Newton's second law. e force-displacement law which is applied to interparticle contact was used to update interparticle contact force, and the Newtonian law of motion which is applied to particles was used to find the position between particles and boundaries [16] , as shown in Figure 7 . e bond particle model (BPM) of PFC2D contains two main types of models, namely, "contact bond model (CBM)" and "parallel bond model (PBM)." Particles in the CBM are joined by a point of glue, and contacts cannot transfer moment. While in the PBM, particles are joined by an area of glue, and contacts can resist moment induced by particle rotation. us, the PBM can represent a cement-like substance, such as rock [28] . e mechanical properties of the BPM are shown in Figure 8 . In the BPM, when the local stresses exceed the bond strength between particles, a bond breakage, and a microcrack form. With the occurrence, propagation, and penetration of microcracks, macroscopic failure is finally formed.
e mechanical properties of PBM are similar to that of cementing materials in rocks, and the force between particles is reflected through the contact force chain. Getting microscopic mechanical parameters is a difficult problem in PBM.
ere is no clear correspondence between the micromechanical parameters of particles and macroscopic mechanical parameters of the physical test. e microscopic parameters are obtained by matching the stress-strain curves of numerical simulation of uniaxial compression with the physical test curves. e basic process is to adjust the microscopic parameters such that the numerical simulation results approximate the physical test results. During this Shock and Vibration 5 process, according to the laboratory physical tests, a large number of numerical simulation tests were performed under similar conditions. e numerical simulation results were compared with the laboratory tests results, and the microscopic parameters were repeatedly adjusted via trial and error [17] . e trial and error method process of PFC is shown in Figure 9 [29] . e microparameters obtained are shown in Table 2 .
Numerical Model Establishment.
A numerical model was to establish based on the geological conditions in Section 2.2. A rectangle particle assemblies surrounded by four walls of top, bottom, left, and right is generated, and the size of the rectangle is 300 m × 200 m, as shown in Figure 10 . e boundary conditions of the model are set to free for the top surfaces. e bottom, right, and left surfaces are fixed. e force of the top boundary wall is controlled by servo. e stress value applied to the top wall in this model is 10.53 MPa. e similar process of particle generated is used, which is described in Potyondy and Cundall [28] . e procedure can be divided into three steps, namely, an initial compact assembly, installation of the isotropic stress (1 MPa in the present study), and elimination of the floating particles. en, according to the integrated lithology map of Figure 2 , the model was grouped; at the same time, rock stratum with similar mechanical properties was grouped together, the thinner rock stratum was treated as adjacent thick rock stratum, and the corresponding mesomechanical parameters of Table 2 were assigned to each group. Finally, the model was used for mining simulation with the "delete" command step-by-step. e mechanical properties of the bedding and joint between the rock strata were set by the "joint" command. In order to eliminate the boundary effect on the mining simulation, 50 m coal pillars were left on the left and right sides of the model.
Numerical Results
Analysis. In this part, the rock strata movement, the subsidence displacement, and the rock strata stress distribution are analyzed by using PFC.
Movement of Roof Rock Stratum.
At the same time, the law of movement of the roof strata at different advance distances during the test using numerical simulation is shown in Figure 11 . It can be seen from Figure 11 that when the working face is advanced by 30 m, the immediate roof is directly filled with the gob area due to its low strength. As the working surface continues to advance, a fixed beam structure is formed in the roof strata. When the main roof (fixed beam structure) reaches the ultimate strength, the main roof breaks; that is, the fixed beam breaks, and the working face forms first roof weighting (as shown in Figure 11(b) ). A fixed cantilever beam structure is formed in the fractured rock beam (as shown in Figure 11(c) ). As the extension length of the cantilever beam increases, the cantilever beam breaks easily and forms a roof weighting. At the same time, the repeated breaking of the cantilever beam is the periodic weighting of the working face. e fracture location of the rock strata at the coal wall is shown in Figure 12 . Above the coal wall towards the goaf, a stepped fracture was formed in the roof rock strata. e periodic fracture of the rock stratum is the main reason for the periodic weighting of the working face. It reveals the laws of movement and collapse of roof rock stratum from a new perspective. When the coal seam advances 100 m, the collapse and fracture distribution of the roof rock strata is shown in Figure 13 . e A and C are fissure-intensive zones. e rock blocks in the two areas are regularly stacked, and the blocks are inclined. e fractured rock block is located on one side of the coal wall, and on the other side is the falling goaf area. In addition, there are more cracks in the areas, and the two zones are also a gathering place for gas. In zone B, the collapse of the roof rock fell directly into the goaf and slowly compacted. e zone B is a compacted zone where the fallen rock masses bear the weight of some of the upper rock mass.
Compared with the results of rock stratum obtained from the experimental, the numerical simulation of rock strata movement law is similar to the similar material experiment results. However, the numerical simulation of rock strata obviously shows the initial fracture of the roof and the cantilever beam periodic fracture phenomenon, which explains the initial pressure and periodic pressure of the working face. In the similar experimental test, the goaf is 
Contact force
Newtonian law of motion (apply to every particle)
Force-displacement law (apply to particle contact)
Update position between particles and boundaries Figure 7 : e calculation process of PFC [17] . Note: ρ in the table is the density of the particles; E C is the elastic modulus of the particles; k n /k s is the ratio of the normal and tangential stiffness of the particles; E C is the elastic modulus of the parallel bond; k n /k s is the ratio of the normal and tangential stiffness of parallel bonds; μ is the coefficient of friction between the particles; σ c is the normal bond strength of the parallel bond; τ c is the tangential bond strength of the parallel bond. Figure 8: BPM of the particle flow code [17] . severely compacted, and the movement law of rock stratum is not obvious. e fracture movement rule of roof strata is similar to the research result by Wang et al. [19] .
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Subsidence Displacement of Roof Rock Strata.
e roof rock strata are deformed and fractured, and the roof rock strata move and sink under the influence of the overlying load and its own gravity. During the advancement process of coal seam mining (the direction to the right is the direction of advancement), the subsidence displacement of roof rock strata is monitored (Figure 10) , and the subsidence displacement curves of the roof rock strata under different working distances (50 m, 80 m, and 100 m) were obtained, as shown in Figure 14 .
From Figure 14 , it can be seen that as the working face advances, the regular movement and subsidence of the roof rock stratum appears, and the measuring points above the gob area sink at different degrees; in addition, the roof subsidence curves form a typical "U" shape. When the working face is advanced by 50 m, the subsidence displacement is the largest appearing in the middle of the goaf at the position 10 m away from the coal seam. e farther away from the coal seam, the smaller the subsidence displacement of the roof rock stratum is; the subsidence displacement is little when the distance exceeds 30 m; at the same time, the influence of the mining is small.
When the working face is advanced by 80 m, the subsidence displacement of the roof rock strata reaches a maximum value of about 2.5 m, and the maximum sinking position appears in the middle area of the goaf. e subsidence displacement is little when the distance away from the coal seam exceeds 50 m, and it is basically not affected by mining.
e "U" curves formed by the subsidence displacement of the roof rock strata are more obvious. When the working face is advanced by 100 m, the subsidence displacement of the roof rock strata reaches a maximum of about 2.6 m. As the coal seam continues to advance, the maximum subsidence displacement remains basically constant, and the subsidence curves present an asymmetric flatbottomed distribution. e simulations of the fracture and collapse process of the overlying rock mass in the stope were analyzed by the particle discrete element, and the movement law of the roof rock strata in the stope was further understood. Compared with the results of rock stratum obtained from the experimental, the numerical simulation of rock strata movement law is basically consistent with the similar material experiment results.
e subsidence displacement curves all show "U" shape.
Contact Force Chain and Stress of Roof Rock Strata.
In the discrete particle flow program, the force is reflected by the contact force chain between the particles [16, 17, 30] . Figure 15 shows the distribution of the contact force chain network of the model at the stage of unmined and mined 100 m. ere are two types of force chain structures, namely, a criss-crossing shape force chain (Figure 15(a) ) and an arc shape force chain with obvious directionality (Figure 15(b) ).
e width of the force chain line is related to the magnitude of the force; the wider the force chain, the greater the force is.
It can be seen from Figure 15 that the contact force distribution is mainly closed force chain in the unmined state, and the contact force chain is evenly distribution. e force chain of model begins to adjust when it mines; that is, the force chain is from the criss-crossing shape turns to the arch shape force chain. erefore, the arc shape force chain gradually increases, and the criss-crossing force chain decreases, forming a strong force chain zone with the arcshaped force chain. And in the left and right bottom corners of the model, force chain concentration is obviously present.
e load of the overburden strata is mainly concentrated on the particles of the arc force chain.
e weight of the overburden is transmitted to the front of the coal wall and behind the goaf area through the force chain to form a force chain concentration zone. e strong force chain is mainly concentrated on the arched force chain, the weak chain assists the strong chain to maintain the stability of the structure, and the arched strong chain is the path of the overburden transmission force.
e stress is the macroscopic expression of contact force chain, and there is a positive correlation between force chain and stress. e magnitude of the contact force chain directly affects the macroscopic value of stress. In order to get the stress distribution of rock strata, the measurement circles are used to analyze the stress. As many previous studies have introduced the principle of the measurement circle [16, 17] , this article will not introduce it. e measurement circles are arranged according to the stress line of Figure 10 . Figure 17 .
From Figures 16 and 17 , it can be seen that the stress of the surrounding rock is adjusted after the coal seam is mined. Stress concentration occurs in front of the coal wall and behind the goaf area. As the working face continues to advance, the stress concentration factor increases and eventually the increasing trend slows to stabilize. e location of stress concentration moves deep into the coal and rock mass. When the working face is advanced by 20 m, the maximum stress behind the goaf is 18.57 MPa (the original rock stress is 12.5 MPa), the maximum stress in front of the coal wall is 19.51 MPa, and the stress concentration coefficients are 1.48 and 1.56, respectively. When the working face is advanced by 60 m, the maximum stress value behind the goaf is 22.74 MPa, the maximum stress in front of the coal wall is 24.85 MPa, and the stress concentration coefficients are 1.82 and 1.95, respectively. When the working face is advanced 100 m, the maximum stress behind the goaf is 23.65 MPa, the maximum stress in front of the coal wall is 25.17 MPa, and the stress concentration coefficients are 1.89 and 2.01, respectively. And the area in the goaf is a stress reduction zone. e stress concentration in front of the coal wall is the source of force that forms the abutment pressure.
Due to the mining of coal seams, the stresses in the overlying roof rock layers are adjusted, the stress in the same layer is different, and the stress in the different rock layers is not the same at different distances from the roof to the coal seam. erefore, three stress measuring lines were arranged at different levels above the working face to monitor the stress of different layers when the working face is advanced 100 m, and then the stress distributions of the rock layers at different distances from the roof to coal seam (0 m, 15 m, and 30 m, respectively) were obtained, as shown in Figure 18 .
From Figure 18 , it can be seen that stress concentration occurs at different layers above the coal seam, and the stress curves present a "double hump" shape. In the coal seam position of the working face (Figure 18(a) ), the maximum stress in front of the goaf is 25.17 MPa, the stress concentration coefficient is 2.01, the maximum stress behind the goaf is 23.65 MPa, and the stress concentration coefficient is 1.89. When the distance from roof to coal seam is 15 m (Figure 18(b) ), the peak stress intensity in front of the coal wall and back of goaf decreases, the stress concentration coefficient decreases (1.61 and 1.62, respectively), and the location of stress concentration moves toward the goaf. When the distance from roof to coal seam increases to 30 m (Figure 18(c) ), the stress concentration coefficient continues to decrease (1.41 and 1.45, respectively), and the stress concentration continues to move toward the goaf. e vertical stress distribution law of the overlying rock stratum above the stope is that the stress concentration is largest in front of the coal wall and behind the goaf. e farther away from the coal seam, the smaller the stress concentration coefficient is, but it is still in a high stress area, and the stress Shock and Vibrationconcentration position moves toward the middle area of the goaf.
Discussion
e results of the similar material simulation test and particle discrete element simulation are basically consistent, and the feasibility and rationality of numerical simulation are proved. Rock stratum fractures and collapse patterns are similar, and the laws of subsidence displacement curves are consistent. It is mainly because the mechanical behavior of materials is similar. Similar materials are rock-like materials formed by bonding fine sand through cement and gypsum. Particle discrete elements are bonded together to form rocklike materials through the parallel bond. And the destruction of the material is the breaking of the bonds between the particles. However, due to the limitations of computational capability of the computer, the particle size used in the discrete element calculation is magnified, so the stress curve is not smooth and has a certain degree of volatility during the solution process. e effects of reducing the particle size and taking into account the multiple mining factors on the fracture and collapse of the roof remains to be further studied in the future. Compared with the continuous medium simulations [12] [13] [14] , the particle discrete element could represent the fracture and collapse processes of the rock stratum. At the same time, the article expounds from a new perspective that the strong arched force chain is the path of the transmission force of the overlying strata.
Conclusion
In this paper, the methods of combining the particle discrete unit and similar material simulation test are used to analyze the stress distribution, sinking displacement curve, and movement law of rock stratum in stope, and the following conclusions are obtained:
(1) As the working face advances, regular movement and subsidence appearing in the roof rock stratum and the roof sinking curves form a typical "U" shape.
As the coal seam continues to advance, the maximum subsidence displacement remains basically constant, and the subsidence curves present an asymmetric flat-bottomed distribution. e farther away from the coal seam, the smaller the subsidence displacement is. Due to the differences in the mechanical characteristics of each rock stratum (such as the degree of joint, rock stratum strength and thickness), the movement and collapse of each rock stratum are different, representing the coordinated movement characteristics of rock stratum. (2) e vertical stress distribution law of the overlying rock stratum above the stope is that the stress concentration is largest in front of the coal wall and behind the goaf. e farther away from the coal seam, the smaller the stress concentration coefficient is, but it is still in a high stress area, and the stress concentration position moves toward the middle of the goaf. e stress concentration in front of the coal wall is the source of force that forms the abutment pressure. increases, the cantilever beam breaks easily and forms a roof weighting. At the same time, the repeated breaking of the cantilever beam is the periodic weighting of the working face. Above the coal wall towards the goaf, a stepped fracture is formed in the roof rock stratum. e periodic fracture of the rock stratum is the main reason for the periodic weighting of the working face. e roof fracture is the main cause of the coal mine roof accidents. erefore, it is of great theoretical and practical significance to study the laws of the movement of the roof above the coal seam for preventing and controlling the occurrence of roof disasters.
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